Introduction
============

Working memory (WM) is considered an essential cognitive resource, enabling the encoding, maintenance, and manipulation of information during short periods of time, thus facilitating action of current goals. It is widely assumed that WM is a supporting process for high level cognitive abilities. Despite its crucial role across a range of processes, studies of visual WM (VWM) in humans demonstrate a surprisingly restricted capacity to retain information from a visual scene, with people able to store only around three items of information (Luck and Vogel, [@B26]; Cowan, [@B6]). Neuroimaging studies of VWM have elaborated the neuroanatomical correlates of this capacity bottleneck. Functional magnetic resonance imaging (fMRI) studies demonstrate activity during VWM maintenance that saturates once capacity is reached in posterior parietal (Linden et al., [@B23]; Todd and Marois, [@B49]) and prefrontal cortices (Barch et al., [@B3]; Callicott et al., [@B5]), while inter-individual differences in memory capacity have been shown to correlate with signal changes in frontal regions and the basal ganglia (McNab and Klingberg, [@B29]). Electrophysiological studies of evoked brain responses similarly demonstrate modulation by memory load that covaries with inter-individual differences in capacity, over posterior parietal and occipital sites (Vogel and Machizawa, [@B51]; Vogel et al., [@B52]; Ikkai et al., [@B16]).

New evidence suggests that the oscillatory nature of electrophysiological signals in some of these regions is a key factor in determining WM performance. While invasive and non-invasive recordings of electrical and magnetic signals in humans have shown changes across theta (4--8 Hz), alpha (8--16 Hz), beta (16--30 Hz), and gamma (30--60 Hz) frequencies during the retention period of WM tasks (Tallon-Baudry et al., [@B47]; Raghavachari et al., [@B36]; Onton et al., [@B32]; Deiber et al., [@B8]; Jokisch and Jensen, [@B21]; Palva and Palva, [@B34]; Meltzer et al., [@B30]; Grimault et al., [@B13]), the actual role of each frequency in representing the contents of WM remains unclear. The theta band in particular has been identified as a crucial component of WM related activity. In this band, both power and duration have been related to increases in the amount of information to be retained, with theta modulations localized to frontal (Gevins et al., [@B11]; Jensen and Tesche, [@B19]), hippocampal (Tesche and Karhu, [@B48]), and parietal (Sarnthein et al., [@B38]) regions. More recently mechanistic accounts of the theta signal have been tested. These studies are derived from a theoretical model of hippocampal function where theta oscillations entrain gamma bursts at a particular phase in its cycle (Lisman and Idiart, [@B25]; Jensen and Lisman, [@B17], [@B18]; Lisman, [@B24]), with each gamma burst representing a sequential item held online. In humans, heightened theta--gamma phase synchronization in parietal cortex is associated with successful maintenance of information (Sauseng et al., [@B39]), while physiological recordings in behaving animals have shown that prefrontal firing entrainment by hippocampal theta is associated with correct WM responses (Hyman et al., [@B15]). Importantly, this model (Lisman and Idiart, [@B25]) makes specific predictions about the frequency of theta that likely enhances performance, namely that low frequency theta oscillations subserve greater WM capacity. Providing empirical support for this model, human intracranial hippocampal data demonstrate that a greater memory load results in an increased average theta period, leading to lower frequency oscillations (Axmacher et al., [@B2]).

Here, we test an alternative oscillatory coding scheme in the brain, and examine in particular the inter-individual differences in this coding scheme and how this relates to performance. Appealing to the fundaments of information theory, we propose, in contrast to the above theory (Lisman and Idiart, [@B25]) that higher frequency theta oscillations mediate retention during periods of high memory load. The theoretical underpinnings are derived from communication theory (Shannon, [@B44]) where bandwidth, the range (band) of frequencies over which information can be encoded, serves as the resource most valuable for the transmission of information. In the case of the theta rhythm, considered to occupy the 4--8 Hz range, information theory predicts that the capacity of information transfer could be higher at a bandwidth where the peak frequency is 8 than say at 6 Hz. An initial examination of the task-related frequency structure of our data revealed both theta and alpha activity. We therefore test specifically for individual differences in peak high theta, low alpha frequencies, and associated bandwidth, to determine whether these parameters operate as a limiting factor engendering capacity differences among subjects. While we will consider localized oscillatory patterns rather than transmission *per se*, we draw an analogy with the reverberant circuit dynamics observed in animals during memory maintenance (Goldman-Rakic, [@B12]) and examine 4--12 Hz responses within these networks. Theta rhythms in such circuits could operate with low frequency theta in a "narrowband" regime where, for example, frequencies from 4 to 7 Hz support item retention, or, alternatively, they could form "wideband" limited signals with notably higher frequency spectral components, recruiting higher frequency bands.

We applied magnetoencephalography (MEG) to test whether the properties of human theta/alpha frequency during a VWM retention period conform to these principles. We recorded MEG signals while subjects performed a VWM task (Vogel and Machizawa, [@B51]) with a parametric load manipulation. This change-detection paradigm has been previously used to investigate event-related potentials (ERPs) during item retention (Vogel and Machizawa, [@B51]). In particular, this task has been used to probe hemisphere specific responses to bilateral stimulus arrays of which one is attended and the other ignored. Contralateral delay activity (CDA) is an evoked response contralateral to the attended hemifield which has been shown to increase in amplitude with increasing item load (Fukuda et al., [@B10]). Similarly, at contralateral sites, theta frequency measures such as theta--gamma coupling have been shown to increase with load (Sauseng et al., [@B39]), while alpha frequencies thought to represent unattended stimulus suppression have been shown to increase over ipsilateral regions (Jokisch and Jensen, [@B21]; Sauseng et al., [@B39]). We tested whether humans efficiently employ a circuit mediating both theta and alpha oscillations, recruiting low frequency signals (∼4 Hz) when retaining few items in memory, and higher frequency signals (∼10 Hz) for higher retention requirements. Moreover, this approach enabled us to examine whether inter-individual differences in capacity can be explained by different operant theta/alpha frequencies at high VWM load.

Materials and Methods
=====================

Subjects
--------

Fourteen healthy, right-handed, native Spanish speaking subjects took part in our study (age 24--32; mean age 26.9, SD = 3.3). All subjects were free from neurological and psychiatric history. Ethical approval was obtained from the local ethics committee.

Task
----

During each trial, subjects were presented with a fixation cross (350 ± 50 ms) followed by an arrow (250 ± 50 ms) indicating the hemifield (left/right) to be attended. A target stimulus of colored square arrays was then presented within two rectangular regions that were centered to the left and right on a black background. These memory arrays consisted of 2, 3, 4, or 6 colored squares (2.5° × 2.5°) with randomized position (within a rectangle) and were randomly colored (red, blue, green, yellow, gray, cyan, and violet). The target stimulus appeared for 100 ms duration and was followed by a retention period of 1200 ms during which subjects had to retain the target memory array. This was followed by the presentation of a probe image. Subjects had 2000 ms before the onset of the next trial to make a push-button response to indicate whether or not the probe was identical to the target. This hemifield (left/right) × array size (2, 3, 4, 6) × probe match (yes/no) design had 130 trials per condition, where match and no-match trials occurred randomly, with equal probability (Figure [1](#F1){ref-type="fig"}A). For each subject, a measure of the number of items actually retained for the four load conditions, known as the *K* value (Cowan, [@B6]), was computed as *K* = S\*(*H* − *F*), where *S* is the array size, *H* is the observed hit rate and *F* the false alarm rate over all trials.

![**Experimental design**. **(A)** Experimental design. **(B)** Load-specific *K*, averaged across subjects. Error bars, here and in subsequent figures, depict SEM. **(C)** MEG sensor data: frequency spectra for maintenance period at each sensor, averaged over trial type and subjects; average is illustrated with the red line.](fnhum-04-00200-g001){#F1}

Data acquisition and preprocessing
----------------------------------

Magnetoencephalography data were recorded continuously (sample rate: 254.3 Hz, band pass online filter: 0.1--50 Hz) using a 148-channel whole head system (MAGNES 2500 WH, 4D Neuroimage Inc., San Diego, CA, USA). EOG and ECG were acquired with a Synamps amplifier (NeuroScan™, El Paso, TX, USA) using Ag/AgCl electrodes (same sample rate and online filters as above). We next epoched delay period activity (1200 ms) for each trial, for each subject. Data were filtered from 1 to 48 Hz. Artifact rejections were performed using a thresholoding algorithm implemented in SPM8 (<http://www.fil.ion.ucl.ac.uk/spm/>). Sensor averaged root mean square (RMS) power was computed and the threshold set to 10 times this level. To check for confounding incidental signal changes, we correlated the proportion of rejected trials with the individual\'s memory capacity but found no correlation (*R* = 0.15, *p* = 0.61). The key analysis routines used for the present paper are freely available in the M/EEGTools toolboxes distributed with SPM8; i.e., the SPM8 installation is sufficient to reproduce our analysis.

Sensor space analysis
---------------------

Frequency domain representations were constructed from the time series using a vector auto regression (VAR) model of order *p* = 16. Specifically, data from the each sensor was modeled as an AR process (Roberts and Penny, [@B37]).
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The autoregressive coefficients were estimated using each sensor\'s auto time-series components. These provided a direct estimate of the spectral density at each sensor for frequencies from 2 to 40 Hz. These were then averaged across all trials and subjects to provide a summary of the oscillatory components present during maintenance. The estimation of the auto-regression coefficients uses the spectral toolbox in SPM8.

For the statistical analysis of sensor level data, sixteen time-frequency representations comprising responses at 4--5, 6--7, 8--9, and 10--12 Hz at each load condition (2, 3, 4, and 6) were extracted. This was done separately for each subject at each sensor, using a seven-cycle Morlet wavelet transform as implemented in SPM8. These data were then scaled logarithmically and averaged within their respective frequency sub-bands to obtain a sensor × time representation for each frequency window. These data were then converted to two-dimensional images (Kilner et al., [@B22]). Hence, for each load condition we obtained a representation of "low theta" (4--5 Hz), "mid theta" (6--7 Hz) "high theta" (8--9 Hz), and "low alpha" (10--12 Hz) at each sensor; giving a total of sixteen images per subject. We denote these images as *Im*1, corresponding to 4--5 Hz power at a load of 2, *Im*2, corresponding to 4--5 Hz power at load 3, up to *Im*16 corresponding to 10--12 Hz power at load 6.

Statistical analysis
--------------------

Sensor level images were analyzed employing a two-level random effects design using SPM8. Specifically, in order to test for regions in sensor space which display the principle of increasing 4--12 Hz frequency for increasing item retention, we applied a subject specific *K* × *Band* contrast to all the sensors (first level, i.e., individual subject level analysis). Thus, we tested whether sensor level data exhibit enhanced low frequency theta power at low *K* values and high frequency alpha power at high *K* values. Increasing peak frequency was modeled as the midpoint of the four frequency bands, i.e., \[4.5 6.5 8.5 11\], which after mean correction is \[−3.125 −1.125 0.875 3.375\]. For example, if a subject had *K* values of 2, 3, 4, and 6 at loads 2, 3, 4, and 6 respectively (i.e., they performed with 100% accuracy) then the mean corrected *K* values were \[−1.75, −0.75, 0.25, and 2.25\]. The *K* × *Band* contrast can be expressed as \[−1.75\**Im*1 + −0.75\**Im*2 + 0.25\**Im*3* * + 2.25\**Im*4*\]\**−3.125 + \[−1.75\**Im*5 + −0.75\**Im*6 + 0.25\**Im*7* *+ 2.25\**Im*8*\]\**−1.125 + \[−1.75\**Im*9 + −0.75\**Im*10 + 0.25\**Im*11* *+ 2.25\**Im*12*\]\**0.875 + \[−1.75\**Im*13 + −0.75\**Im*14 + 0.25\**Im*15* *+ 2.25\**Im*16*\]\**3.375. In other words, the 16 images per subject are multiplied by the above weights in order to create a final "contrast" image for each subject representing the *K* × *Band* interaction.

The ensuing subject-specific contrast images were entered into a one-sample *t*-test (second level analysis) and the resulting statistical parametric map (SPM) examined for regional-specific effects at a threshold of *p* \< 0.005 uncorrected. After finding regions of sensor space demonstrating a significant *K* × *Band* interaction, we then selected the single sensor over the maximum *t*-value for further illustration. The frequency spectrum from this sensor was computed for each subject using the AR method above. In order to illustrate the principle of increasing frequency peak for increasing memory retention, we plotted these spectra after a median split of the subjects based on performance. We also calculated the average bandwidth for each group. The maximum of the band was calculated as the average frequency at which the group peaked, and the minimum was computed as the frequency at which the average spectra reaches a value 50% higher than baseline, i.e., the 3 dB point (Oppenheim and Schafer, [@B33]), where we define baseline as mean spectral power between 2 and 4 Hz.

Source modeling
---------------

SPM8's multiple sparse prior routine was used to estimate the cortical origin of the maintenance period neuronal response (Friston et al., [@B9]). A tessellated cortical mesh template surface in canonical Montreal Neurological Institute (MNI) anatomical space (<http://www.bic.mni.mcgill.ca/brainweb>) and implemented in SPM8, served as a brain model to estimate the current source distribution (Mattout et al., [@B28]). This dipole mesh was used to calculate the forward solution using a spherical head model. The inverse solution was calculated using a time window from 200 to 1200 ms during the maintenance epoch. The inverse was constructed using the multiple sparse priors (default) option in SPM8. Here several hundred patches of activation are iteratively reduced until an optimal number and location of active patches are found using an iterative Bayesian search method (Friston et al., [@B9]). This was performed for each frequency bin as before (i.e., 4--5 Hz; 6--7, 8--9, 10--12 Hz) and for each load condition. Dipole measures were then interpolated into MNI voxel space, as implemented in SPM8.

We tested for three specific effects of interest in source space, employing a two level random effects analysis as above, computing first a contrast image per subject and then entering these images into a one-sample *t*-test across subjects. We first examined the effects of memory retention independent of particular frequency. For this we computed subject-specific contrast images, scaling each load image by the appropriate *K* value for that subject at that load. To extend our findings at the sensor level to source space, we next examined the *K* × *Band* interaction, having generated contrast images in source space in an analogous manner as applied to the sensor data. The positive tail of this one-sample *t*-test tests for an increase in peak theta/alpha frequency with increase memory retention. The opposite comparison (the negative contrast) tests for a negative *K* × *Band* interaction, i.e., regions that show a lower frequency theta response for increasing item retention.

Results
=======

Behavioral results
------------------

The *K* value (Cowan, [@B6]), an estimate of the actual number of items retained by the individual for the given load array, was calculated for each subject for all load conditions (Figure [1](#F1){ref-type="fig"}B). We refer to capacity as the maximum number of items retained (*K*~max~), which can occur at any load. Consistent with previous findings (see Awh and Vogel, [@B1]), *K*~max~ varied among subjects from around 1.5 to 5 items (mean 2.5 ± 1.2). Since the maximum items retained by any individual was five, all subjects received a stimulus set size that comprised both sub- and supracapacity stimuli sets, i.e., no subject could retain six items in WM.

Sensor space analysis
---------------------

To illustrate the oscillatory components present during memory maintenance, averaged frequency responses were computed for each sensor using all trials and all subjects for frequencies from 2 to 40 Hz. Figure [1](#F1){ref-type="fig"}C illustrates that theta and low alpha activity was most prominent during memory maintenance. Our analysis was hence constrained to the frequencies from 4 to 12 Hz. This comprised the traditional theta (Jensen and Tesche, [@B19]) and low alpha (Jensen et al., [@B20]) and also allows our findings to be related to theta studies of rodent LFPs which treat "theta" as those oscillatory components in a higher, e.g., 4--10 Hz, range (Vertes, [@B50]; Raghavachari et al., [@B35]; Shirvalkara et al., [@B45]).

To first test our hypothesis that increased memory capacity is reflected in increasing frequency into the alpha band, we performed a statistical analysis on the sensor level data. We tested for regions in sensor space demonstrating an item retention × band interaction, where item retention is again the subject-specific *K* value for that load and band is modeled as an increase in 4--12 Hz frequencies employing four levels at 4--5, 6--7, 8--9, and 10--12 Hz. Thus, for each subject we created a two-dimensional sensor space "image" of the item retention × band interaction, collapsing across attended hemifield conditions. This image is simply an interpolated representation of all sensors, smoothed with a Gaussian kernel of 12 mm full width half maximum (FWHM). Each subject\'s image was then entered into a one-sample *t*-test to yield a SPM in 2D sensor space testing for an item retention × band interaction across subjects. This initial analysis, which collapsed over attended-hemifield, revealed a significant interaction in channels over bilateral frontal and right parietal regions (Figure [2](#F2){ref-type="fig"}A). These sensor data thus express greater activity in the low frequency theta band, 4--5 Hz, when load is low and fewer items need to be held in VWM, in contrast to greater activity at higher alpha frequencies, 10--12 Hz, when item retention is at capacity. Thus, as predicted, we demonstrate a principle of higher frequency oscillatory responses during conditions that necessitate greater information maintenance.

![**Sensor data**. **(A)** SPM (threshold *p* \< 0.005) in two dimensional channel space (up is anterior, left is left) showing a significant *K* × *Band* interaction over frontal and parietal sites. Arrow points to global maximum in right frontal site (*z* = 4.00; *p* = 0.000). **(B)** The power spectrum from the right frontal sensor overlaying the global maximum in (A) is plotted from 2 to 14 Hz for Left, low WM capacity and Right, high capacity individuals (high and low capacity defined by median split). Whereas low capacity individuals express 4--12 Hz peaks at (mean, SEM) 10.11 Hz (0.96), high capacity individuals achieve peaks at 12.44 Hz (0.40). Bandwidth measures from 4 to 12 Hz onset, defined as a rise in power greater than 50% of baseline (2--4 Hz) activity (i.e., the 3 dB point), to the peaks are illustrated for each group. Low capacity subjects have a narrowband occupancy (1.11 Hz) while high capacity subjects use a comparatively wideband signal (2.14 Hz).](fnhum-04-00200-g002){#F2}

A possible, alternative basis for this observation, however, is that it represents an ongoing heightened cortical alpha rather than alpha responses being a function of task. To address this possibility, we examined a baseline period during fixation (350 ms). We extracted the RMS power for 10--12 Hz and averaged over sensors and correlated this measure with memory capacity. Critically, there was no significant correlation between these measures (*R* = −0.27; *p* = 0.35). We therefore surmise that these higher frequency responses are produced by task demands.

In Figure [2](#F2){ref-type="fig"}B we further illustrate the adherence of our data to a principle of higher frequency responses when greater information needs to be maintained by plotting the spectrum from the right frontal sensor overlaying the global maximum of Figure [2](#F2){ref-type="fig"}A. We performed a median split of the subjects based on their individual memory capacity. Low capacity subjects had an average maximum item retention of 1.90 ± 0.11 (SEM) while high capacity subjects could retain 3.53 ± 0.32 items in working memory. We highlight the frequency at which the spectrum peaks between 2 and 14 Hz and observe that, for low capacity subjects, spectral peaks occur, on average, at 10.11 ± 0.96 Hz while for high capacity subjects, peaks are found at 12.44 ± 0.40 Hz. The peak frequencies were significantly greater in the high capacity group (one tailed *t*-test, *t*(12) = 2.25; *p* = 0.022), whereas the amplitude of the peak was not significantly different (one tailed *t*-test, *t*(12) = −0.36); *p* = 0.36), showing that the effect is associated with the frequency of 4--12 Hz oscillations and not maximum power. We then constructed a bandwidth measure for each group where the band minimum was defined as the frequency at which the average spectrum for that group rose to 50% above the baseline and the maximum was set at the average peak frequency. As illustrated in Figure [2](#F2){ref-type="fig"}B, we observe a wider band for the high capacity subjects (BW = 2.14 Hz) compared to the low capacity subjects (BW = 1.11 Hz). Thus, high capacity subjects, in addition to displaying higher frequency responses, employ a wideband signal for maintenance.

Previous studies employing the current task demonstrate that increasing memory load increases theta power primarily over contralateral sites, whereas alpha power is increased ipsilaterally and decreased contralaterally (Jokisch and Jensen, [@B21]; Sauseng et al., [@B39]). We therefore next examined laterality effects by testing item retention × band interactions for right and left hemifield attended conditions separately. This followed an identical procedure as that described above, except that here 2D images representing an item retention × band interaction were created separately for left- and right-hemifield attended trials and entered into separate one-sample *t*-tests across subjects. Hence data from contralateral and ipsilateral sensors were examined separately, in different regions of the image (except at the midline where there will be some effect of smoothing). For arrays attended on the right, we observe a significant interaction bilaterally with a maximum over left frontal sensors (Figure [3](#F3){ref-type="fig"}A). By contrast, for arrays attended to on the left we observe bilateral activity but with maximum over right frontal sensors (Figure [3](#F3){ref-type="fig"}B). This observation is critical to the interpretation of our data because the initial analysis, collapsing across hemifield (Figure [2](#F2){ref-type="fig"}A), potentially confounded task relevant processes over contralateral sites and task irrelevant/competing processes over ipsilateral sites. We show that at frontal sites, the effect of maintenance on band is bilateral, with a stronger effect contralateral to the attended hemifield. Thus these observations confirm that the effect of item retention on frequency band illustrated in Figure [2](#F2){ref-type="fig"}A is not driven by an ipsilateral increase in alpha power (see [Supplementary Material](#sm1){ref-type="sec"} for further discussion). To further demonstrate the contralateral locus of the effect we describe, we performed a paired *t*-test comparing the *K* × *band* interaction between the two attended hemifield conditions. This confirms that higher frequency for higher maintenance levels are expressed over contralateral hemispheres (Figures [3](#F3){ref-type="fig"}C,D). We demonstrate these effects using averaged frontal sensor spectra from ipsi and contralateral sites for the two attended hemifields at high and low load conditions in Figure [3](#F3){ref-type="fig"}E.

![**Contralateral and ipsilateral sensor analysis**. **(A)** SPM (threshold *p* \< 0.01, one-sample *t*-test) showing *K* × *Band* interaction for stimulus arrays attended to in the right hemifield with significant effects observed bilaterally over frontal and occipito-parietal sensors and a maximum over left frontal cortex. **(B)** SPM (threshold *p* \< 0.01, one-sample *t*-test) showing interaction for stimulus arrays attended to in the left hemifield with again significant effects observed bilaterally over frontal and occipito-parietal sensors but here the maximum is over contralateral right frontal cortex. **(C,D)** Significant differences (threshold *p* \< 0.01, paired *t*-test) between the *K* × *Band* interaction are observed with peaks over contralateral sensors. **(E)** Average normalized spectra for loads of 2 (black line) and 6 (red line) demonstrating this effect at 1 Hz resolution for the theta--alpha frequencies included above (4--12 Hz). Spectra are averaged over frontal sensors from ipsilateral and contralateral sites for both attend right and attend left hemifield trials. Greater power at lower frequencies are observed for low (2) load trials while for high (6) load trials, power increases at higher theta/alpha frequencies. Individual subject spectra are included in Figure [S1](#FS1){ref-type="fig"} in Supplementary material.](fnhum-04-00200-g003){#F3}

Source space analysis
---------------------

Having established a significant *K* × *Band* interaction at the level of MEG sensors, we were interested in determining the underlying generative sources. We first localized the maintenance period activity for each subject and each condition, for four different frequency regions of interest (4--5, 6--7, 8--9, and 10--12 Hz). We next tested for cortical responses displaying increased 4--12 Hz power for increasing item retention. This analysis, which averaged over the four frequency measures, revealed a significant effect of item retention in left and right parieto-occipital and left temporo-occipital regions (Figure [4](#F4){ref-type="fig"}). This pattern of activity is consistent with previous reports of correlations between WM capacity and parieto-occipital activity, indexed by ERPs (Vogel and Machizawa, [@B51]; Vogel et al., [@B52]) and fMRI activations (Todd and Marois, [@B49]; Xu and Chun, [@B53]).

![**Neuroanatomical network showing increased 4--12 Hz power with increasing item retention**. The SPM has been rendered onto a canonical T1 structural image (height threshold *p* \< 0.015 uncorrected; extent threshold 15 contiguous voxels) and demonstrates activation bilaterally in occipital areas (*x*, *y*, *z* co-ordinates 2, −62, 14; *z* = 3.19; *p* = 0.001), extending into inferior temporal cortex (−58, −68, −4; *z* = 2.63; *p* = 0.004).](fnhum-04-00200-g004){#F4}

Our critical comparison tested for the *K* × *Band* interaction where low frequency theta co-occurs with low retention demands and higher frequency alpha is expressed with high retention demands. We demonstrate a significant *K* × *Band* interaction in a network of bilateral dorsolateral prefrontal and right inferior parietal cortex (Figure [5](#F5){ref-type="fig"}A). To illustrate this effect, we extracted power estimates for each subject and for each load condition from the peak voxel in right dorsolateral prefrontal cortex. The difference in estimates of 4--12 Hz power between the load at which *K*~max~ is attained versus the lowest load of two items (at which all subjects exhibited their minimum *K* value, *K*~min~) is plotted for each of the four sub-band ranges, averaged over subjects (Figure [5](#F5){ref-type="fig"}B). For example, if a subject reached capacity at an item load of six then the difference between 4 and 12 Hz activity on trials of load six versus load two was entered into this average. We demonstrate a capacity-dependent parametric increase across the range, where 4--5 Hz activity dominates in conditions of minimal item retention, frequencies from 6 to 9 Hz show similar profiles for low and high memory demands (i.e., power differences close to zero), and high frequency activity from 10 to 12 Hz is more active at *K*~max~ compared to *K*~min~.

![**Neuroanatomical network subtending higher frequency responses for increasing item retention**. **(A)** The SPM has been rendered onto a canonical T1 structural image (height threshold *p* \< 0.015 uncorrected; extent threshold 15 contiguous voxels) and demonstrates a significant *K* × *Band* interaction in a prefrontal-parietal network in which low theta frequencies support low item retention and higher alpha frequencies support high item retention. Significant effects are observed in right (56, 28, 30; *z* = 2.92; *p* = 0.002) and left (−32, 22, 16; *z* = 2.78; *p* = 0.003) dorsolateral prefrontal cortex (dlPFC), and right inferior parietal cortex (60, −42, 44; *z* = 2.37; *p* = 0.009). **(B)** Power estimates from the peak voxel (right dlPFC) for each of the four sub-bands are plotted for the load at which subjects reached *K*~max~ minus that for load 2, showing dominant low frequencies at low retention levels and increasingly higher frequencies employed for high retention at *K*~max~. **(C)** Power estimates from the peak voxel (right dlPFC) for frequency-specific theta power, for the six individuals with *K*~max~ at loads less than 6, for the next higher load than the load at which they achieve *K*~max~ (*K*~max+1~) minus that at the load corresponding to *K*~max~. Three subjects achieved *K*~max~ at load 4, and three subjects at load 3. These individuals failed to recruit higher alpha frequencies for higher loads. **(D)** Subject-specific capacity (*K*~max~) is plotted against the high frequency sub-band (*R* = 0.50). Power estimates are from the peak voxel (right dlPFC) for the 10--12 Hz frequency range at load 6 minus the average 10--12 Hz power across all loads.](fnhum-04-00200-g005){#F5}

To further illustrate the capacity-dependence of the 4--12 Hz peak frequency effect we observe in right dorsolateral prefrontal cortex, we plot the power estimates from this region only for subjects who reached *K*~max~ at loads lower than the maximum load of 6 (6 of the 14 subjects). Thus, in Figure [5](#F5){ref-type="fig"}C we plot the power estimate differences between activity at the next higher load than the load at which they achieve *K*~max~ (i.e., *K*~max\ + 1~) minus that at the load corresponding to *K*~max~. We observe a negative difference at all frequencies above and including 8 Hz, highlighting how failure to recruit higher frequencies is associated with a failure to incorporate more items into working memory. Figure [5](#F5){ref-type="fig"}D presents a similar interpretation of these power estimates. Here we plot the average right prefrontal 10--12 Hz activity at *K*~max~ minus the average 10--12 Hz power for all trial types measured in this region per subject against that subject\'s memory capacity. This again serves to illustrate how high capacity subjects have greater 10--12 Hz resources to meet high memory demands (*R* = 0.50).

Discussion
==========

Previous ERP (Vogel and Machizawa, [@B51]; Vogel et al., [@B52]) and fMRI (Callicott et al., [@B5]; Todd and Marois, [@B49]) studies of VWM capacity indicate that neuronal measures correlating with item retention asymptote once capacity is attained, i.e., no further increase in activity is observed with increase in load. We find, in sensors overlaying frontal and parietal sites, a circuit which operates at higher frequencies under high WM demands (Figure [2](#F2){ref-type="fig"}A). We show that once maximum item retention is attained, theta or alpha frequency asymptotes, showing no further increase despite an increase in visual input and VWM demands. Having found this effect in sensor space, we then localized this effect to reveal a distributed network of bilateral dorsolateral prefrontal cortex and inferior parietal cortex subtending these effects (Figure [5](#F5){ref-type="fig"}A). Of the subjects tested, six exhibited their maximum item retention (*K*~max~) at a load less than 6. Figure [5](#F5){ref-type="fig"}C illustrates that these subjects fail to recruit higher alpha bands at loads greater than that at which they achieve *K*~max~. Specifically, these subjects fail to show any significant increase in the higher frequency bands (8--12 Hz) and, in fact show a decrease in 8--12 Hz activity. Crucially, we show a prefrontal--parietal network of oscillations which follows this saturation at maximum capacity. While posterior cortical activity has been commonly reported to be related to VWM capacity (Vogel and Machizawa, [@B51]; Vogel et al., [@B52]; Ikkai et al., [@B16]), the prefrontal cortex has been more elusive in electrophysiological studies. Despite this failure to observe capacity limit effects in frontal sites, activation of frontal cortex is thought to be relevant in the oscillatory neural network associated with WM capacity (Sauseng et al., [@B39]). Accordingly, our current results converge with the conceptualization that prefrontal oscillations participate in controlled processing of the activity of posterior brain regions and suggest that a frequency modulated frontal-posterior network is responsible for memory capacity limits (Grimault et al., [@B13]).

Theoretical accounts of the role of theta frequency in WM are based on the observation of phase precession in hippocampal place cells, i.e., the gradual shifting of sequentially occurring spikes to earlier phases of the theta cycle as the rat approaches and passes through the cell\'s place field (O\'Keefe and Recce, [@B31]). Lisman and colleagues (Lisman and Idiart, [@B25]; Jensen and Lisman, [@B17], [@B18]; Lisman, [@B24]) propose that oscillations in the medial temporal lobe could facilitate working memory "bundles" of 7 ± 2 items using a similar phase encoding scheme. For this, gamma bursts occurring at a particular theta phase could support a single item of memory maintained across time through auto-associative Hebbian plasticity (Hebb, [@B14]). It follows that longer theta cycles would accommodate more items in WM. Empirical support for this proposal comes from recent human intracranial hippocampal recordings (Axmacher et al. [@B2]), demonstrating that as memory load increases, theta oscillations in the hippocampus predominate at lower frequencies. By contrast, the model we advance predicts the opposite effect, i.e., that oscillations at alpha frequencies from 10 to 12 Hz predominate with increasing WM demands. We provide direct evidence that oscillations in a prefrontal--parietal network adhere to this model (Figure [5](#F5){ref-type="fig"}), which could be similarly maintained through auto-association among recurrent collaterals (Hebb, [@B14]). However, we note that the coding scheme elaborated by Lisman and colleagues, and the one proposed here, are not mutually exclusive and could indeed co-exist in the brain. To test for this possibility, we computed the negative *K* × *Band interaction* at the source level, which tests for areas expressing longer theta cycles (lower theta frequencies in our selected theta/alpha sub-bands) when subjects are at WM capacity. Figure [6](#F6){ref-type="fig"} shows the result of this contrast, where strikingly we observe a significant effect in medial temporal regions including regions of the posterior hippocampus. Notably, however, the prefrontal cortex is absent from this analysis, suggesting dissociable WM circuits operating in the theta range.

![**Medial temporal lobe shows predominant low frequency theta for increasing item retention**. The SPM (threshold *p* \< 0.005; extent threshold 15 voxels) is overlaid on a sagittal (*x* = 17) and coronal (*y* = −34) T1-weighted, canonical section to illustrate hippocampal activation in the opposite interaction to Figure [5](#F5){ref-type="fig"}A. Occipital and medial temporal regions express low frequency theta frequencies for higher retention requirements, i.e., for the negative *K* × *Band* interaction. Peak voxel in left occipital cortex(−34, −86, −12; *z* = 3.72; *p* = 0.000) and cluster peak in right medial temporal lobe (12, −32, −4; *z* = 3.56; *p* = 0.000).](fnhum-04-00200-g006){#F6}

Our data highlight multiple oscillatory mechanisms operational during VWM. These finding are consistent with new theories of a generalized "global neuronal workspace" whereby effortful cognition is proposed to involve the activity of a distributed network with long-range connectivity that can then in turn mobilize more local, modular cortical processing (Dehaene et al., [@B7]; Sigman and Dehaene, [@B46]). Prefrontal cortex is thought to instantiate such a network where it recruits more posterior regions, via long-range axonal projections. It has also been proposed that such a scheme could have oscillatory substrates (Lutz et al., [@B27]; Palva and Palva, [@B34]). Indeed several studies of power and coherence at theta and alpha frequencies have reported activity over such networks for different phases of WM processing, including encoding, retention, and retrieval (Bastiaansen et al., [@B4]; Sauseng et al., [@B43], [@B42], [@B40],[@B41]). In our data we observe a distributed network including dorsolateral prefrontal and parietal regions that adheres to a particular property along the frequency axis co-existing with two localized circuits. The first localized circuit is a posterior occipital network that displays increased theta and alpha power, independent of particular frequency, for increased maintenance (Figure [4](#F4){ref-type="fig"}). In this analysis we found no evidence for frontal involvement. This modular circuit is consistent with earlier work on oscillatory correlates of WM, which examined the power differences within frequency bands as memory loads are manipulated (Gevins et al., [@B11]; Jensen and Tesche, [@B19]). The second localized circuit comprises a hippocampal-centric network, which includes occipital and medial temporal regions, where the rhythms recorded move to lower frequencies to support high WM demands.

In conclusion we show that oscillatory mechanisms of VWM comprise interacting processes across a distributed network that includes prefrontal, occipito-parietal, and medial temporal regions, where capacity limitations are associated with both increased and decreased frequencies in the 4--12 Hz range.
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Accurate performance in the task employed in the current study demands not only retention of relevant information in the attended hemifield, but also efficient suppression of the retention of irrelevant items (Vogel et al., [@B56]; Sauseng et al., [@B55]). Suppression of information processing is though to be associated with increased oscillatory brain activity in the alpha frequency range, ipsilateral to the attended hemifield (Sauseng et al., [@B55]). With respect to the data we present, an initial analysis testing for item retention × band effects in sensor space collapsed across attended hemifield condition. This yielded significant effects in bifrontal and right parietal regions, effects also observed in the corresponding source space analyses (Figures [2](#F2){ref-type="fig"}A and [5](#F5){ref-type="fig"}, main text, respectively). However, collapsing across attended hemifield conditions potentially confounded task relevant processes over contralateral sites and task irrelevant/competing processes over ipsilateral sites. We therefore examined each attended hemifield condition separately, and demonstrate that the item retention × band effect we report is present bifrontally, with a more significant effect contralaterally (Figures [3](#F3){ref-type="fig"}A--C, main text). Individual spectra averaged over ipsi and contralateral sites for low and high load conditions are presented below. These show greater spectral mass around higher frequencies for high load trials (load 6) and greater spectral mass around lower frequencies for low load (load 2) trials.

By contrast to the predominantly frontal effects we report, the modulation of alpha power by increased working memory demands, i.e., ipsilateral increase and contralateral decrease, is observed over occipito-parietal sites (Jokisch and Jensen, [@B54]; Sauseng et al., [@B55]). This modulation of alpha activity is thought to reflect top-down control of posterior brain areas (von Stein et al., [@B57]). That our observation of a working memory capacity-dependent shift in peak theta--alpha frequency is located primarily frontally, whereas modulation of alpha has been shown to occur posteriorly (Jokisch and Jensen, [@B54]; Sauseng et al., [@B55]), raises the possibility that these two oscillatory mechanisms co-exist during working memory maintenance. We therefore interrogated our data in sensor space for an equivalent modulation of alpha over occipito-parietal sites. For each attended hemifield condition, we averaged the log power during working memory maintenance at eight occipito-parietal sensors (Figure [S2](#FS2){ref-type="fig"}, center panel). For each subject, the power spectrum pertaining to the minimum load (*K*~min~) was subtracted from the power spectrum pertaining to that load for which maximum item retention was achieved (*K*~max~). We then subtracted contralateral from ipsilateral power spectra to demonstrate a relative increase in alpha power ispilaterally at occipito-parietal sensors for left and right attended hemifield conditions (indicated by the shaded areas in Figure [S2](#FS2){ref-type="fig"}, left and right panels, respectively). Thus, in addition to presenting a role for bandwidth in working memory retention capacity, we also replicate a previous finding (Sauseng et al., [@B55]) of increased alpha activity during maximum item retention at posterior sites ipsilateral to the attended hemifield.

![**Individual subject normalized spectra for ipsilateral and contralateral sites for attend left and attend right trials**.](fnhum-04-00200-s001){#FS1}

![**Working memory maintenance increases alpha activity over occipto-parietal sensors ipsilateral to the attended hemifield**.](fnhum-04-00200-s002){#FS2}
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